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@ Method and apparatus for improving the signal to noise ratio of an image formed of an object hidden 
or behind a semi-opaque random media. 



The quality of intage of an object hWden inside a highly scattering semi-opaque disordered medium is 
-improved by using space gate imaging or time gate Imaging or space time gate Imaging. In space gate 
imaging, a small segment of the object is illuminated at a time. The scattered light is passed through a 
spatial noise fater. On the image plane, an aperture is open at the position of the image segment which 
con^espond to the segment of the illuminated object A full image is obtained by scanning the object 
segment by segment and simultaneously recording the signal at the con-esponding image segment In 
time gate imaging, the unscattered (i.e. ballistic) portion of the puise which contains the infonnation of 
the image Is temporally separated from the other (i.e. scattered) portions which contains the noise using 
a ultrafast laser pulse and temporal gating devices. The technique is in space-time gate imaging, the two 
techniques are combined to produce an image with a much higher signal to noise ratio. The time 
separafion between the ballistic and scattered light may be inaeased by increasing thickness of 
random medium or by introducing small scatters into the random medium so as to make the medium 
more random. The signal to noise ratto can also be Inaeased by making the random medium less 
random (so that there will be less scattered light). In additton, the signal to noise ratio can be iricreased 
by introducing an absorbing dye Into the medium or by using a wavelength for the light which c( in the 
absorption spectmm of the random medium or by making the medium more ordered (Le. less random). 
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METHOD AND APPARATUS FOR IMPROVING THE SIGNAL TO NOISE RATIO OF AN IMAGE 
FORMED OF AN OBJECT HIDDEN OR BEHIND A SEMI-OPAQUE RANDOM MEDIA 



BACKGROUND OF THE iNVENTIQN 

The present invention relates generally to imaging objects and more particuiarly to a method and apparatus 
for improving the signal to noise ratio of an image formed of an object hidden in or behind a semi-opaque random 
media, the object being either opaque, transparent or semi-transparent. 

Many objects that we wish to observe are hidden inside or behind some k\r\6 of disordered media. Some 
5 examples are tumors inside a breast, defects in a semiconductor, objects in the ocean or in a doud or in smoke. 
The above are applications in medicine, electronics, military, and commercial fields. 

When a light pulse propagates through a random medium, some of the light is multiply scattered. The mul- 
tiple scattering of light reduces the intensity of the signal and increases the noise on the signal arising from the 
randomly scattered light. The reduction in signal and increase in noise from multiple scattered light are the main 
10 reasons why one cannot see through an optically thick random medium. Thus, one has to reduce the scattered 
light noise in order to enhance the quality of the image. 

The following refernces are pertinent to the invention: An article entitled Simulation of Laser Tomoscopy 
In A Heterogeneous Biological Medium, J.M. Maareketc, Med & Bio. Eng. & Computer, July 1986. pp. 407-414; 
US Patent 4,099,060; U.S. Patent 4,203.037; U.S Patent 4,066,901; U.S. Patent 4.207,892; U.S. Patent 
IS 4,615.165; US Patent 4.570.638; and U.S. Patent 4.212.306. 

it is an object of this invention to provide a new and improved technique for Improving the signal to noise 
ratio of an image formed of an object hidden in or behind a semi-opaque random media. 

SUMMARY OF THE INVENTION 

20 

According to one aspect of this invention, the quality of an image fonmed of an object, the object being either 
opaque, transparent or semi-transparent, that is hidden inside or behind a highly scattering semi-opaque dis- 
ordered medium is improved by using space gate Imaging or time gate imaging or space time gate imaging. 
In space gate imaging, a small segment of the object is illuminated at a time. The scattered light is passed 

25 through a spatial noise filter. On the image plane, an aperture is open at the position of the image segment 
which corresponds to the segment of the illuminated object A full image is obtained by scanning the object 
segment by segrnemt and simultaneously recording the signal at the corresponding image segment. In time 
gate imaging, the unscattered (i.e. ballistic) portion of the pulse which contains the information of the object is 
temporally separated from the other (i.e scattered) portions which contain the noise using a ultrafast laser pulse 

30 and temporal gating device. The concept of time gating Is based on the principle that the unscattered (ballistic) 
portion of the light pulse travels straight through the medium, and arrives at an earlier time than those portions 
that are scattered away from the straight line and as a result travel through longer distances. A combination of 
space and time gate imaging, called space time gate imaging, eliminates most of ttie scattered light, producing 
as a result an image with a much higher signal to noise ratio. According to another aspect of the invention, 

35 further improvements can be achieved by increasing the time separation between the ballistic and scattered 
light One way of achieving this is by increasing the ttilckness random medium. Another way of achieving this 
is by introducing small scatterers into the random medium. Still another way of achieving this is by Introducing 
an absorbing dye into the medium. A further way of achieving tills is by using a wavelengtti for ttie light which 
is in ttie absorption spectrum of the random medhjm. The signal to noise ratio can also be Improved by making 

40 the random medium either more random so as to Increase the time separation between the scattered and 
unscattered and or by making the random medium more ordered so that less scattering will occur. 

BRIEF DESCRIPTION OF THE DRAWINGS : 

45 In the drawings wherein like references represent like parts: 

Fig. 1 is a schematic diagram showing the path of light through a random medium; 
Fig. 2 is a schematic diagram of a spatial filter according to this invention: 
Fig. 3 is a schsematic diagram of a space gate system according to this invention; 
Fig. 4 is a schematic diagram of a variation of the system shown in Fig. 3; 

50 Fig. 5 is a schematic diagram of an experimental apparatus used to study the angular and temporal dis- 

tributions of an ultrafast laser pulse after propagating through a slab of a random medium; 
Tfn ft anri /K\ arc* rrranh^ rxf^ha annular «nH t<f»mrtnr«f h«hflvir>r. resnectivelv. of 9 lioht oulsfi orooaaatina 
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through a 10mm slab of a random medium using the experimental apparatus of Fig. 5. Photographs are 
taken by a streak camera which displays both the angular and temporal information of the scattered lights. 
The first white spot is from the prepulse, the second spot is the coherent component, and the incoherent 
component is spread over a wide angular and temporal region. The curve traces the intensity versus time 
for waves scattered in the forward direction ± 1 mrad. The random media consist of latex beads suspended 
in water. Picture (a), d = 0.33 pm number density n =9.5x1 O^'nr'. nOiZ=24; Picture (b), d=15.8 nm, 
n=4.7x10'2m-». no,z=19. 

Fig. 7 is a block diagram of an Imaging system according to this invention; 

Fig. 8 is a diagram of a space-time gate Imaging system coupled direcdy with a streak camera system. 
Figs. 9(a) and 9(b) are tables showing changes in the ratio of ballistic to diffuse intensity at various dist- 
ances; 

Fig. 10 is a schematic showing how a slab of random medium is introduced to increase the spatial resolution 
and to improve the signal to noise quality of the image. 

Fig. 11 is a schematic diagram of an experimental setup used for examining the absorption feature of a 
preferred emt>odiment of the invention; 

Figs. 12(a) through (d) are graphs of transmitted pulse prof9es through a slab of random medium of 1 0 nnm 
thick with 10% concentration of latex beads of 0.091 um diameter, at different absorbing dye concen- 
trations; the absorption length of these media being (a)a , (b) 127. (c) 46 and (d) 21 mm; 
Figs. 13(a) through (d) are theoretical plots of transmitted pulse profiles through a slab of random medium 
of 10 mm thick of transport mean free path of 0.55 mm; the absorption length of the media being: (a)a , 
(b) 127, (c) 46, and (d) 21 mm.; and 

Fig 14 Is a graph of the theoretical prediction of the total diffuse light and signal Intensity for media with 
different absorption lengths, using f = 2 x 10^, and f(= 0.55 mm. 

DETAILED DESCRIPTION OF PREFERRED EMBODIMENTS 

The sources of multiple scattered light noise in forming an image of an object 10 are classified and Olus- 
trated by rays in Fig. 1. The light from object 10 on passing through a random medium 11 may be divided into 
two portions, ray (1) and ray (V). Ray (V) includes all Incident rays except ray (1). 

All the possible trajectories through the slab of random media may be grouped as follows: 

a - unscattered light; 

b - scattered away from the straight line path but scattered out of the medium along the same path as ray 
(a); 

c - scatter and fall onto the position of ^ 

d - scatter and come out propagating parallel to the ray (a): 

e - all other scattered light: and 

f - light scattered from the other ray and scattered out along the same path as ray (a). 

If the object 10 is illuminated by a plane wave, then the dominant noise at Xi comes from ray (1'e). To 
remove this noise, a spatial filter 12 which consists of a pair of lenses 13 and 15 and an aperture 17 placed at 
the focal point is used. This is shown in Fig. 2 where the light scattered away from the fonward direction are 
renfK>ved and the image formed is recorded by a recording system 19. However, there are still two sources of 
noise which are rays (I'f) and (lb) at position x,. 

In Figs. 3 and 4 is shown an arrangement refemred to as space gate imaging for renfK)ving the noise from 
rays (1') and (Id). The noise constribution from rays (V) is removed by blocking ray (V) Itself so that it is not 
incident on the random medium. This elimination can be achieved either by placing an aperture 21 which allows 
only ray (1 ) through or just illuminates the medium by only ray (1). Multiple scattered light other than the forward 
directk>n of ray (1) is removed by the collimating lenses 1 3 and 1 5 and aperture 1 7 at the focal point The noise 
of ray (Id) is removed either by placing an aperture 23 in front of the recording system as shown In Fig. 3 or 
by placing an aperture 25 in front of the collimating lenses 13 and 15 and aperture 17 as shown in Fig. 4. This 
fBduction of unwanted multiple scattered light and some incident rays improves the quality of the image sig- 
nlftcantty. Nevertheless, the weakest noise represented by ray (lb) remains. 

The fundamental principle of the space gate imaging is illuminating a small segment of the object, filtered 
out the multiple scattered light which scattered away from the forward direction, and the signal fall on the cor- 
responding image position is recorded. The orage is constructed after scanning the whole object segment by 
segment 

In the space gate imaging system described above, the noise represented by ray (lb) cannot be removed. 
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This noise can be significant in a strongly scattering medium. To Illustrate this, the relative Intensity between 
ray (1a) and (1b) are time resolved. The experiment setup is shown in apparatus 31 In Fig. 5 and the measured 
results are presented by two pictures in Figs. 6(a) and 6(b). In apparatus 31 . a beam of pulses from a colliding 
pulse mode locked laser 33 is split into three parts by a pair of beamsplitters 35 and 37. One part 39 Is deflected 

5 off a pair of mirrors 41 and 43 and then passed through an aperture 45 and a sample 47 and then imaged by 
a lens 49 through a beamsplitter 50 into thd input end of a streak camera 51. The streak image formed at the 
output end is converted into an electrical signal by a silicon intensified target (SIT) detector 53 and then fed 
into a computer 57. Another part 59 of the beam from laser 33 is deflected off a pair of mirrors 61 and 63 and 
used as a reference pulse for streak camera 51 . The third part 65 of the pulse from laser 33 strikes a photodiode 

10 67 and generates a trigger signal which is used to trigger the deflection circuits (not shown) in streak camera 
51. The degree of whiteness In the two pictures measure the intensity of the light falling on the picture. The 
horizontal and vertical axis are angle and time axis, respectively. A small white spot con-esponds to the signal 
from ray (1 a). The broad white distribution conrespond to the scattered signals which has large time and angular 
distributions. The intensity of the light scattered in the forward direction ( angle=0 mrad) in time is traced by a 

IS white line in the picture. The first peak is the reference pulse, the second peak is the ballistic pulse ( ray (la) ). 
and the broad distribution in angle and time con-esponds to the scattered pulse ( ray (1b)). The time Integrated 
Intensity of ray (1 b) can be greater than the ballistic portion (1a). This large noise from ray (1 b) will overshadow 
the Image in space gating imaging. Time gating can select ray (1a) more and enhances the image quality. 
Since the signal and noise arrive at different times, one may temporally (i.e. time) gate and record only the 

20 ballistic portion of the pulse as the signal. This separation can be easily accomplished with present streak cam- 
era technology and nonlinear optical methods. Thus, the noise represented by ray (lb) can be reduced sut)- 
stantially. 

Space-time gate imaging is similar to space gate imaging (Figs. 3 and 4) except that the recording system 
of the space-lime gate imaging temporally gates the signal component of the scattered light. The leading edge 
25 of the light pulse, which consists of mainly the signal (1 a) is measured. This will substantially improved the qual- 
ity of the image. 

The above two principles eliminate some (space gating) or most (space-time gating) of the possible noise 
from the scattered light and thereby improve the quality of the image. A complete imagofig system requires sev- 
eral additional steps to be taken in succession. First, a small segment of the object is illuminated and the signal 

30 light falling on the corresponding image position on the image plane is detected and stored and then recorded 
after passing though a space gate filter. This signal is stored in the memory in a computer. The whole object 
is scanned segment by segment and the signal at the corresponding segment on the image plane is recorded 
and stored. This scanning can be done by moving the object alone, or optical deflection by acoustic nwdulation. 
or by synchronizing the motion of illumination spot and detecting spot The image is then reconstructed from 

35 all the stored signals and the picture is shown on the video screen. The picture can further be used for analysis 
and diagnosis such as by comparing the images in the memory of the computer. 

A block diagram shown in Fig. 7 illustrates one of the typical imaging systems taught by our invention. A 
cw or ultrafast laser pulse is generated from a laser light source 71 and incident on the medium 73 in which an 
object 10 is hidden. The multiple scattered light strikes a space gate noise filter 75 of the type described In 

40 Figs. 3 and 4. An optical fiber 77 is used to collect the unscattered (ballistic) and scattered light. The collection 
fiber 77 is placed at the image point which corresponds to the illuminated point on the object, and the signal is 
collected and guided to a detector 79. To obtain the completis image of object 10, one has to move and scan 
the whole object 1 0 point by point and move the optical fiber 77 as shown by arrow D so that the corresponding 
signal on the image point is collecled. Light source 71 and fiber 77 are synchronized In posittons of illumination 

45 and collection by a controller 81 which is is monitored by computer in a computerized recording system 83 so 
that the correlatton between the position of illumination on the object 10 and the signal collected is established. 
An acoustic optical deflection nrKKtuiator (not shown) can also be used to deflect the beams to different locations 
on objects. Also, a selected portion can be collected and deflected by another acoustic optical deflector. This 
is simDar to a bar code reader. The scanning can also be done by translating the position of object 10 alone. 

so Three dimensional infomfiation of object 1 0 can be obtained by an additional degree of scanning such as rotating 
the object The signal collected by the optical fiber 77 is sent into a detector system where the intensity is 
meastffed and stored into computer in system 83. 

Detector 79 may comprise, for example, a photomultiplier tub or a streak camera coupled to an SIT or video 
camera or a Kerr cell coupled to an SIT or a video camera. 

55 If detector 79 Is a photomultiplier tube of the equivalent, then the system is a space gate type of system. 
On the other hand, if the detector system is a streak camera oomblnatton or a Kerr ceil combinatton or similar 
combinatton. then the system is a space gate, time gate type of system. The output of detector system 79 is 
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trolier 83 which receives Instructions from computer 81 . A complete image can be reconstructed after a full scan 
or many full scans. 

Another versatile space-time imaging system 91 which incorporates a streal< camera is shown in Fig. 8. 
The system includes two slits (or apertures) 93 and 95, a lens 97, and a translation stage 99. Slits 93 and 95 

5 and an imaging lens 97 comprise a space gating device where all the light scattered away from the straight 
line propagatbn is cut off by the input slit or the aperture 101 of a streak camera 103. The object 10 inside 
random medium 1 05 is illuminated by ultrafast laser pulses. The scattered light is temporally dispersed by streak 
camera 103. The output streak image is converted into an electrical signal by SIT 107 and fed into a computer 
109. Stage 99 is controlled by controller 1 1 1 which is controlled by computer 109. Only the front portion of the 

10 transmitted pulse which corresponds to the unscattered signal is recorded in computer 1 09. Then the next line 
or point segment of object 1 0 is illuminated, which can be done either by moving random medium 105 or aper- 
tures 93 and 95. An acoustic optical deflector (not shown) can be incorporated and used to map out the object 
The ballistic signal is again measured and stored in computer 109. The computer software correlates the recor- 
ded signal and the illuminated segment of the object After a full scan, the image is reconstructed from the com- 

f 5 puter software. 

The resolution of the image formed by the ballistic component of the pulse is governed by wave diffraction, 
i.e. the size of the apertures of illumination and collection and the wavelength of light This resolution is the 
same as the resolution of usual imaging of an object without multiple light scattering. Using visible radiation, 
the resolution is in the order of micrometers. This resolution will make imaging of small particle possible. The 

20 diffusive component of the pulse may temporally overlap with the ballistic component within the time resolution 
of the detecting system. This overlapping increases the noise and reduces the resolution of the image. If the 
intensity of the diffusive component in the overlapping region is comparable to or larger than the ballistic com- 
ponent, the object may be deemed unobservable. The temporal separation between the diffusive component 
and the ballistic component can be increased by increasing the thickness of the media, increasing the number 

25 density of the scatterers. and decreasing the size of the scatterers or introducing particles smaller than the 
wavelength of the light into the random medium. Also, the quality can be improved by making the medium more 
random or less random (i.e. ordered). In these cases although the intensity of the ballistic pulse decreases the 
relath^e intensity of the ballistic to diffusive pulse within the time resolution increases. This increase in relative 
intensity enhances the quality of the image. 

30 For some thin and lightly scattering random medium, the diffusive portion may temporally overlap with the 

ballistic portion of the pulse within the temporal resolution of the detecting system. This overlapping decreases 
the resoiutk^n of the image. To improve the image resolution to a microns scale one has to resolve the ballistic 
comportent from the diffusive component This can be achieved by any of the ways as stated above: 

The enhancement of image quality by increasing the medium thickness can t>e understood by looking at 

35 how the intensity for ballistk: and diffusive components decrease with distance z from the source. 
The intensity of the ballistic pulse is given by: 

(X )- e "^/^^ Si ) (1) 

40 Where L| is the transport means free path. 
The diffusive pulse is given by: 



where D - vL,/3 is the diffiiskm coefTicient, and v is the vetocHy of the light in the medium. Note, the intensity 
of the ballistic pulse decrease exponentially with distance (z), whereas the diffusive component decreases 

50 exponentially with square of the distance (z^). Therefore, the diffusive intensity decreases faster than the bal- 
listic intensity as the distance increases at a given time interval. Thus, the ratio of ballistic intensity to the dif- 
fusive intensity within the resolution time interval increases with increasing thickness. This large ratto l^/ld 
enhances the image quality. 

The change of ratio of ballistic to diffusive intensity (t|/y at various distances from the light source are illus^ 

55 trated by two examples. The results from two media with 1^ - 100^ and lOOO^m are presented by tables dis- 
played in Fig. 9. Since we are interested in the relative change in the ratio as the thickness (z) of the medium 
increases, the ratio is normalized to 1 when 2=^ Lf. The diffusive intensity is the total tinoe integrated intensity 
measured at the initia! portion of the scattered pulse within the time resolution of the detector. The diffusive 
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intensity may be presented by the value computed at time in the middle of the time resolution. The diffusive 
intensity is computed at t=5ps. which Is at tlie middle of the 10ps time resolution for a typical streak camera. 

Table 9(a) tabulates the computed ratio (l5/ld)at various distances z for the case Pt=100|im. The ratio is equal 
to 1 when z=100^..Thls is due to normalization of the ratio at z = ?t = lOO^im. As z increases, the ratio 
5 decreases initially and then increase rapidly. This initial decrease in ratio can be understood by examining the 
exponential factor of the diffusion equation which is: 



10 




Note, (z/ fO is scaled by a factor z / (4vt/3). If this factor z / (4vt/ 3) is less than 1, then the ratio can be less 
IS than one. The diffusive intensity increases faster than the baiiistic intensity as z increase. For the ratio to 
increase with z, zJ (4vt/3) should be greater than one. The critical value for z is: 

Zc = 4vt/3 (4) 

If z > Zc the ratio of ballistic to diffusive intensity will increase with increase z. As an example presented in table 
(1a). t =5ps. and v is the light velocity in water, then Ze = 1500 ^m . This critical value is in agreement with the 
20 computed data in table 9(a) . for z < SOO^m. the ratio is less than 1; for z > 1500^m, the ratio increase rapidly 
with z. 

Table 9(b) illustrates another example for 1^ = lOOO^m . The ratio increase rapidly with distance z. These 
illusfrations mean that the ballistic Intensity may be increased with respect to diffusive intensity by introducing 
a slab of random medium with thickness greater than Zq between the object to be imaged and the detector. 

25 The effect of adding small particles on the pulse profile is best understood by two pictures displayed in 
Figs. 6(a) and 6(b) which show the angular and temporal information of the pulse after propagating through a 
10 mm slab of random media. The random media consist of latex beads suspended in water. Picture (a) of Fig. 
6 is for the case of latex beads with diameter of d =0.33^m which is small compared with the wavelength of 
the laser ( X =0.465^m ) in water. Note, the ballistic pulse is cleariy separated from the diffusive pulse in fig 6 

30 (a). In contrast, the ballistic and diffusive pulses is not separated in picture (b) of Fig. 6 which is for the case 
of large diameter latex bead (d = 1 5.8^im > X). These pulses (ballistic and diffusive) fall together with 8 ps which 
is the resolution of the detecting system. The addition of small particles increase the time separation between 
the ballistic and diffusive pulse, and spectral resolution. One should expect by introducing smaller particles Into 
a big particle medium, one would effectively increase the temporal separation between the ballistic and the dif- 

35 fusive pulses. This will enable us to measure the ballistic component better and give better imaging capability. 
Fig. 10(a) shows the effect of light passing through a random medium 121 and a pinhole 123. 
Fig. 10(b) shows the effect of introducing a slab 125 of uniform random medium of small particles into the 
path of scattered light from an object hidden (not shown) in a slab 127 to be image in order to increase (1) the 
temporal separation between the ballistic and diffusive pulse, and (2) the ratio of ballistic to diffusive Intensity. 

40 This additional random medium delays the diffusive portion of the pulse with r^pect to the ballistic portion so 
that they can be further temporally separated within the resolution of the detecting system. The thickness of 
the slab should be greater than Zc. The slab should consist of scatterers much smaller than the wavelength of 
the light The small scatterers scatter the light in all directions so as to increase the temporal separation between 
the diffusive and the ballistic pulse. This method will increase the temporal distance between the ballistic and 

4$ diffusive parts so as to Improve imaging capabflity. If the object Is hidden Inside a fluid type of medium, then 
the randomness of the nnedla can be increased by Introducing some small scatterer into the medium itself. This 
method also increase the temporal separation between the ballistic and diffusive pulse after propagating 
through the medium and improve the quality of the Image if the selection of ballistic part is made. 

As noted above, a spatial filter will lemove light which is scattered away from the collinear directk)n of the 

50 signal. In a highly scattering medium there is a substantial portion of multiple scattered light whtoh, after passing 
through a random medium, travels In the same direction as the ballistic signal. This multiply scattered light exit- 
ing from the random medium in the same direction as the ballistic signal cannot be eliminated with a spatial 
filter. According to another feature of this invention, the introduction of an absorbing dye into a random medium 
can substantially reduce the noise arising from multiple scattered light with respect to the ballistic signal. The 

55 signal to noise ratk> can be substantially increased by orders of a magnitude using this absorption approach. 

AbsorptkMi can also be used to improve the capability of seeing through a random medium, including 
biological and medical medium by selecting a wavelength for the light which is stongly absort>6d by the random 

morlnim 
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The principle behind the absorption imaging approach is based on the fact that multiply scattered light 
undergoes random walk in the medium and thus travels over a longer path length than that of the ballistic signal. 
The distance the ballistic signal transverses through the slab of random medium is equal to the thickness of 
the slab. Ught traveling over a longer path length has a higher probability of being attenuated. Thus, the intro- 
duction of a dye ihto a random medium will preferentially absorb the mulitple scattered light component over 
the ballistic portion. 

When a plane ultrafast pulse is incident nonmally onto a slab of random medium with absorbing boundaries, 
the temporal profile of the scattered pulse exiting at a point on the opposite side of the slab predicted by the 
diffusion theory is 

where D -V^/jis the diffusion coefficient, d - S-*2.*5q , 2^3 0/7/^ ,V 



is the speed of photon, z is the thickness of the slab. L, is the transport mean free path, and L, is the absorption 
length. The total intensity of the diffuse light is obtained by integrating eq. (1) with respect to tinrte from 0 to a. 
20 The amount is given by 



(2) 



Since the transmitted light is scattered in all directions, the intensity of the light scattered within a fraction of 
solid angle is given by 

30 

(3) 

35 

On the other hand, the Intensity of the ballistic signal transversing over distance z is reduced by 



where Ls is the photon scattering mean free path. 

Fig. 1 1 shows the schemaUc of an experimental setup used to test the absorbtion feature of the inventton. 

45 Ultrafast laser pulses of eo fs were generated at a repetition rate of 82 MHz from a colliding Pulse mode^ocked 
dye laser system 141 . The laser power was 5 mW and the laser wavelength was centered at 620 nm. The beam 
was split into three parts 143. 145 and 147 by a pair of beamsplitters 149 and 151. Part 147 was deflected off 
a mirror 153 and expanded from 4 nrvn to 35 mm beam diameter by an expander 155. The center portion of 
the expanded laser beam was deflected by a mirror 1 56 and incWent through an aperture 156-1 on a random 

so medium in a cylindrtoal glass cell 157 of 50 mm in diameter and 10 mm thick through an aperture 159. The 
random medium consisted of latex beads 10% concentratton suspended In water and of 0.091 urn diameter. 
Photons scattered out of the cell were lost A black pinhole 161 of 2 mm diameter was placed at the center on 
the opposite side of cell 1 57. The temporal distribution of the photon exit from this pin hole in the fonward direc- 
tion within 4 mrad was measured by a synchroscan streak camera163. A lens 165 imaged pin hde 161 onto 

55 the input slit of streak camera 1 63. The diameter of the incident beam was set to 20 nnm (any further increase 
in the beam diameter wfil not change the pulse profile of the scattered photons.) Thus, the measured scattered 
pulse profie can be described by equation (1) when the thickness of the random medium is greater than 10 
transport mean firee path. 
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Beam part 145 was deflected off a pair of mirrors 144-1 and 145-2 off a beamsplitter 145*3 and used as a 
reference pulse. Beam part 1 43 was fed into a photodiode 167 which generated a trigger signal for streak cam- 
era 163. 

The output of streak camera 163 is converted to electrical signals by SIT 167 which are fed into computer 
169 for processing. The resulting image is displayed on video monitor 171. 

The time resolved profiles of signal and diffuse light for different amounts of absorbing dye added into the 
random medium are presented in Fig. 12. The small peak at time 0 PSEC is the ballistic signal. This ballistic 
signal light arises from coherent interference amount the multiple scattered light traveling in the forward direc- 
tion. The ballistic signal component is followed in time by a large temporal distribution of multiply scattered light. 
In Fig. 12(a) the total intensity of the diffuse light component is 130 times more than the intensity of the ballistic 
signal. It is not possible to see through such a cloudy medium. The photon transport mean free path was found 
to foe 0.55 mm from fitting eq. (1) to the experimental result in curve (a) of Fig. 12. this random slab is 

( /tt = 10mm/0,55mm) = 18 transport mean free path thick. 

Figs. 2(b). (c) and (d) demonstrate several salient features. The transmitted pulse profiles change by 
increasing amount of absorbing dye in the random medium. The diffuse scattered light at later times which travel 
over a longer distances are attenuated more. The diffuse light intensity decreases nrtore rapidly as more dye 
Is added. The absorption lengths from these media were obtained experimentally by preparing the dye solutions 
(no beads In it). The transmission of the dye solutions mere measured by a spectrophotometer. The percentage 
transnrwiission of these dye solutions corresponding to curves (a), (b), (c). and (d) of Fig. 12 are 100. 92.5, 80.6 
and 62.4% respectively. The corresponding absorption lengths are computed to be oo. 127. 46, and 21 mm. 
respectively. Fig. 12(d) shows that the diffuse light intensity is substantially reduced with respect to signal in- 
tensity as compared with Fig. 12(a). In the case of Fig. 12(d) the total intensity of the diffuse light is equal to 
the Intensity of the ballistic signal. The ballistic portion is enhanced over the diffuse portion. 

A quantitative comparison between the diffuse and signal intensity is presented below. In a strongly scat- 
tering medium, the diffusion theory as in equation (1) by the transport means free path U and the absorption 
length The absorption lengths decreases as more absorbing dye is added to the medium. Fig. 13 shows a 
theoretical plots of eq. (1) which conrespond to the cases shown in Fig. 12 where the absoption lengths are a. 
127. 46 and 21 mm. The intensity of diffuse light decreases rapidly especially for those photon arriving later in 
time. The photons are absorbed more by the dye added to the random medium. 

In imaging of an object hidden inside a random medium using continuous wave laser, one Is interested 
with the total (time integrated) intensity of the diffuse light compared with the intensity of the signal light. The 
total Intensity of the diffuse light (noise) and signal are plotted in Fig. 14. As the absorption length decreases 
(increase in absorption), the intensity of the diffuse light decreases much faster than that of the signal light. 
The scattering parameters used are the transport mean free path=0.55 mm and slab thtokness z * 10 mm. which 
corresponds to the experimental results. The absorption lengths are varied from 1000 to 5 mm. In these limits, 
the diffuse intensity decreases from 7 x 1 0 -» to 5 x 1 0 -21 ; an intensity drop by a factor of 1 0^^ jhe corresponding 
Intensity drops of the ballistfc component decreases from 1x10-«to1x10-9,a drop of only by a factor of 1 0. 
There is a (ballistic) signal to (diffuse) noise ratio gain of a fector of 10^^ when the absorptbn length changes 
froni 1000 mm to 5 nrvn. This large amount of gain bebveen ballistic signal and diffuse light can substantially 
increase the quality of image In highly scattering random media. 

Thus, It can be seen that the diffuse noise can be substantially reduced with respect to ballistic signal 
through absorption in a ramjom medium. This absorption, which reduces the noise with respect to signal is 
important to improve the quality of the image of an object hidden in a random or biomedical medium. In order 
to increase absorption, one can either choose a light wavelength which Is absorbed by the biomedical medium 
or or introduce an absorption dye into the medium or do both. 

Also. If the medium is made more random, the time separation between the ballistic and diffused light will 
be increased and as a result Improve the signal to noise ratk> in a time gating system Furthennore. if the medium 
IS made more ordered (l.e. less random) there wfll be less scattered light and hence a higher signal to noise 
ratio. 

It should be noted that the flluminating radiation used in this invention Is not limited to visible light, but rather 
can also be other forms of electromagnetic radiation such as radio waves, infrared radiation, ultraviolet radi- 
ation, x-rays and gamma rays. 

The embodiments of the present invention is intented to be merely exemplary and those skilled In the art 
shall be able to make numerous variations and modifications to it without departing from the spirit of the present 
invention. All such variations and modlflcattons are intended to be without ttie scope of the present Invention 
as defined In the appended claims. 
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Claims 

1. In an apparatus for iniaging an object that is in or behind a random or biomedical medium with a beam of 
electromagnetic or particle radiation and which includes time gate detecting means for temporally separat- 
ing the unscattered radiation or those arrived at early time from the diffuse radiation, the Improvement conv 
prising means disposed along the beam path for increasing the time separation between said scattered 
light and said unscattered light, the unscattered radiation or the early time radiation being used for imaging. 

2. The apparatus of claim 1 and wherein the means for increasing the separation comprises additional random 
or biological medium. 

3. The apparatus of daim 1 and wherein the means for increasing the separation comprises additional random 
or biological medium comprises a quantfty of scatterers in the random or biological medium. 

4. In an apparatus for imaging an object that is in or behind a random or biological medium the improvement 
comprising an absorbing dye in the random or biological medium. 

5. A nethod of imaging an object that is in or behind a random or bblogical medium comprising: 

(a) Oluminating the object with radiation of a wavelength or wavelengths in the absorption spectrum of 
. the random or biological medium; 

(b) imaging the transmitted radiation; and 

(c) detecting the imaged radiation. 

6. In an apparatus for imaging an object with electromagnetic radiation that Is in or behind a random or biologi- 
cal medium the improvement comprising parallel polarization means disposed along the path of radiation. 

7. A system for imaging an object hidden in or behind a random medium comprising: 

(a) a light for illuminating the object: 

(b) collection means for collecting light transmitted through the object; and 

(c) a noise filter between the object and the collecting means; 

(d) a detector system for detecting light recovered by the collection means; and 

(e) a computer system for processing and recording the output of the detector system. 

8. The apparatus of claim 7 and further including an absorbing dye in the random medium for improving the 
quality of the image fonmed. 

9. The apparatus of claim 7 and wherein the detector system is a time gating type of detector system. 
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Tlic ratio of ballictic to dillusivc :>caiicicd light intensity at various dis- 
tances (zVrrom the light soucrc. The ratio is normalized to one at =/, . 

Table^a ^ =lOO/i7n 



z(/xm ) 


ratio 


100 


1.0 


300 


0.23 


600 


0.07 


900 . 


0.07 


1200 


0.23 


1500 


2.54 


1800 


931 xlO' 


2100 


1.13 XI 0^ 


2400 


4.56 XIO^ 


2700 


6.11 XIO^ 


3000 


2.72 X10»^ 


3300 


4X)1 XlO" 


3600 


1.97 XIO^- 



• Table^b Z, =lOOO/im 



• z(/un ) 


lalio 


1000 


IJOO 


2000 


2.72 


3000 


2.80 XlO! 


4000 


1.10 XIO^ 


5000- 


1.63 XIO^ 


6000 


9,16 XlO' 


7000 


1.96 XlO" 


8000' 


1.59 XlO" 


9000 


4A8 X10»9 


10000 


5.69 ;kio" 


11000 


2.52X10^ 
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